The aesthetic effects of photodynamic therapy (PDT) for photoaged skin are well documented in clinical studies. An improvement of lentigines, skin roughness, sallow complexion, and fi ne wrinkles was demonstrated. Reduction of histological signs of photoaging as a decrease of elastotic material and expression of p53 was shown together with the induction of neocollagenesis. PDT represents a promising technique for skin rejuvenation because this therapy effectively improves photoaged skin, allows repeated treatment sessions, has only limited and calculable side effects, and offers the possibility of contemporaneously treating non-melanoma skin cancer.
Introduction
Since photodynamic therapy (PDT) using aminolevulinic acid (ALA) in combination with blue light was approved by the U.S. Food and Drug Administration for the treatment of actinic keratoses (AK) in 1999, it has become evident that PDT has skin rejuvenating effects that go beyond the treatment of nonmelanoma skin cancer [1] . PDT is based upon the application of a photosensitizer such as ALA, a physiological precursor of porphyrins, onto the tissue followed by illumination with light of the visible wavelength spectrum. During this oxygen-dependent reaction, reactive oxygen species are generated, which have immunomodulatory or cytotoxic cellular effects. Several clinical studies, as well as histological and molecular investigations, document the effects of PDT for photodamaged skin [2 -4] . In this article, results from studies on photodynamic skin rejuvenation are reviewed and evaluated, emphasizing the mechanism of action and histological and molecular changes after PDT.
PDT with intense pulsed light sources
Intense pulsed light (IPL) sources are frequently used for photodynamic rejuvenation [5 -12] . Most studies for photodynamic skin rejuvenation have been conducted with IPL devices (Table 1 ) . One of the fi rst trials on photodynamic skin rejuvenation using IPL was published by Dover et al. in 2005 [7] . Twenty subjects receiving fi ve treatments in 3-week intervals were included in this randomized split-face study. ALA solution (Levulan ® Kerastick ® , DUSA Pharmaceuticals, Inc., Wilmington, MA, USA) was applied on one facial half 30 -60 min prior to the fi rst three IPL treatments, the last two treatments consisting of only IPL. Photodamage variables were evaluated on a fi ve-point scale. The ALA-IPL group showed better results for the global score for photoaging; 80 % of PDT sides vs. 45 % of IPL-only sides showed an improved score of at least one grade (p = 0.008). More successful results were achieved for fi ne lines (60 % vs. 25 % ; p = 0.008) and mottled pigmentation (85 % vs. 20 % ; p < 0.001). Pretreatment with ALA did not enhance effectiveness on sallowness and tactile roughness. The fi nal blinded cosmetic evaluation of the PDT-treated sides by the investigator was signifi cantly superior to the IPL-only sides. About 95 % of PDT-treated sides were rated as good or excellent, while only 60 % of IPL-only treated sides were rated as good and none as excellent. Subject satisfaction scores were also signifi cantly superior to the IPL-only sides. The incidence of adverse effects was higher for the ALA-IPL sides, and the subjects experienced more intense erythema (50 % vs. 15 % ; p = 0.04), scaling and dryness (50 % vs. 15 % ; p = 0.04), and edema (50 % vs. 10 % ; p = 0.01).
Similar results were shown in 24 Chinese subjects with Fitzpatrick skin types III and IV in a recently published study by Xi et al. [12] . ALA cream (5 % ) was applied on one half of 
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The same back of the hand 12 weeks after the second PDT using IPL (600 nm, 20 ms, 16 J/cm 2 using double pulses, two passes). Prior to incubation with MAL, pretreatment with a fractional CO 2 laser (EXELO 2 , Quantel Derma, Erlangen, Germany) to enhance drug penetration was performed. Clearance of AK and marked improvement of roughness, wrinkles, and skin texture could be observed. the face for 1 h. Severely damaged areas were treated additionally with 10 % ALA cream. Photodamage variables were evaluated on a fi ve-point scale as performed by Dover et al. [7] . Results in this prospective split-face study were better for PDT-treated sides compared to IPL-only sides with regard to global score for photoaging. About 50 % of PDT-treated sides were evaluated with a fi nal score of 0 or 1, while only 13 % of IPL-only sides were rated with a score of 0 or 1 (p = 0.005). The results were signifi cantly better for fi ne lines (71 % vs. 33 % ; p = 0.009) and coarse wrinkles (50 % vs. 13 % , p = 0.005) for the PDT-treated sides as well [12] . The effi cacy and safety of PDT for photoaged tanned skin was confi rmed in another study in Japanese patients [10] .
Bjerring et al. [9] compared two different IPL treatment modalities using different wavelength bands and pulse patterns for PDT in a split-face study including 37 patients. In this study, 0.5 % liposome-encapsulated ALA was applied on the face for 60 -90 min. On one-half of the face, a photorejuvenation fi lter (530 -750 nm) covering two Q-bands of protoporphyrin IX (PpIX) was applied (double pulse of 2.5 ms, 10 ms delay, fl uence of 6 -7 J/cm 2 ). The other half of the face was illuminated with an IPL using a waveband from 400 to 720 nm covering the Soret band and the Q-bands; irradiation was performed using a very low fl uence (3.5 J/cm 2 , three passes) and long pulse duration (30 ms).
Christiansen et al. [13] had demonstrated in a preceding study that skin fl uorescence induced by 0.5 % liposome-encapsulated ALA applied for 2 h is equivalent to skin fl uorescence induced by 20 % ALA in a cream base after an incubation time of 30 min. Compared to 20 % ALA cream, the 0.5 % liposome-encapsulated ALA preparation displayed a rapid washout, resulting in a low risk of post-treatment phototoxicity [13] . The clinical evaluation of cosmetic results was performed 3 months after a series of three treatments. Both IPL treatment modalities resulted in a statistically signifi cant reduction of periorbital and perioral wrinkles, while there was no difference in wrinkle reduction between both sides of the face. However, improvements in mottled pigmentation, facial redness, and telangiectasias, as well as patients ' satisfaction were signifi cantly better after IPL treatment using the photorejuvenation fi lter (530 -750 nm). Reported side effects were erythema and edema lasting for up to 1 day. The authors stated that PDT performed with the 400 -720 nm cut-off fi lter and very low fl uencies displayed a suitable treatment modality particularly for darker skin types and suntanned skin on account of the low risk of side effects.
A novel approach to enhanced penetration of the hydrophilic ALA solution (Levulan ® Kerastick ® , DUSA Pharmaceuticals, Inc., Wilmington, MA, USA) was presented by Clementoni et al. [11] . The photosensitizer was applied for 1 h after pretreatment with multiple passes with a microneedle roller. The length of the microneedles was adequate to penetrate into the upper dermis but not to cause pinpoint bleeding. IPL treatment was performed using a 560 nm cut-off fi lter (3.0 -5.0 ms double pulse duration, 25 -30 ms delay, 19 -22 J/cm 2 fl uence). IPL treatment was followed by irradiation with red light [630 nm light-emitting diode (LED) light source, 75 J/cm 2 ] to ensure a suffi cient light dose for the treatment of AK. Signifi cant improvement was documented for the global score for photoaging, fi ne lines, dyschromia, sallow complexion, and telangiectasias [11] . The authors ascribed the observed uniform fl uorescence after 1 h ALA incubation to the pretreatment with the microneedles. Due to the lack of a control group, it is not known whether the pretreatment with the microneedle roller results in a better outcome than PDT alone. IPL devices are particularly eligible for aesthetic indications due to lower pain levels based on short light exposure. Besides rapid treatment, patients benefi t from PDT using IPL with respect to synergistic effects (Figures 1 and 2 ) . Depending on the emission spectrum of the used IPL type and the cut-off fi lter, vascular and pigmented lesions may profi t from photodynamic effects and the specifi c effects of the used IPL source. Due to the varying emission spectra of the different IPL devices available and the varying resulting overlap with the absorption spectrum of PpIX, exact treatment para meters to achieve a photodynamic effect are not known yet. In fact, despite similar cut-off fi lter specifi cations, for each IPL system, both in vitro and in vivo investigations should be performed to establish appropriate treatment parameters.
PDT with incoherent red and blue light
Touma et al. [14] evaluated short-contact ALA-PDT using blue light (417 ± 5 nm, 10 J/cm 2 ) for the treatment of photodamage including AK. PDT was performed following an incubation time of 1 -3 h. A signifi cant improvement of several para meters of photodamage was achieved including skin quality, fi ne wrinkling, and sallowness. There was no signifi cant enhancement of coarse wrinkling and mottled pigmentation.
A clinical trial including 20 patients was conducted by Zane et al. [15] . The aim of this study was to assess effi cacy of methyl aminolevulinate (MAL)-PDT using red light from an LED (37 J/cm 2 ) for the treatment of AK and severe photodamage. A statistically signifi cant improvement was achieved with regard to mottled hyperpigmentation, fi ne lines, roughness, and sallowness. No modifi cation was achieved regarding deep wrinkles, telangiectasias, facial erythema, and sebaceous gland hyperplasia. Besides clinical evaluation, Zane et al. [15] also performed a high-frequency echographic evaluation to quantify epidermal and dermal changes using PDT. A signifi cant increase of skin thickness was revealed. The subepidermal low-echogenic band, which is found in the upper dermis and normally increases in photoaged skin as a result of the accumulation of elastotic material, showed a signifi cant reduction. The authors attributed these fi ndings to new formation of collagen.
In line with these results, Issa et al. [3] reported about improved wrinkles, texture, and fi rmness after MAL-PDT using red light (LED light, 37 J/cm 2 ) in a small study involving 14 female patients. Clinical results were better 6 months after PDT treatment than at the fi rst follow-up after 3 months. When PDT is not only used for pure cosmetic effects but also for the treatment of AK, red light is especially suited for photorejuvenation, as a safe and effective treatment of AK may be performed within the scope of the rejuvenation procedure.
MAL-PDT in connection with fractional photothermolysis was evaluated by Ruiz-Rodriguez et al. [16] . Four women received two treatments with a 1.5 µ m laser system with a 3-week interval. Following the non-ablative fractional treatment, one-half of the perioral area was incubated with MAL for 3 h and illumination was carried out with a red LED light using a dose of 37 J/cm 2 . Cosmetic results with respect to superfi cial rhytides and subject satisfaction scores were better on the combined treatment sides. The better outcome on the combined treatment sides is due to additive effects of PDT and the non-ablative fractional laser, as synergistic effects are only expected with ablative fractional laser therapy prior to incubation of the photosensitizer. Pretreatment with an ablative fractional CO 2 laser seems to be a more promising technique to enhance drug penetration and to improve PDT. In a porcine model, fractional ablation of channels led to enhanced uptake of the photosensitizer and an increased porphyrin synthesis, improving PDT in deep skin layers.
Mechanism of action and histological changes after PDT
Numerous clinical studies have documented the clinical effi cacy of PDT for the improvement of photoaged skin [4] . There is also growing data on the histological and molecular effects of PDT for photoaged skin.
Marmur et al. [17] conducted a split-face study to investigate changes in collagen formation after ALA-PDT by electron microscopic ultrastructural analysis. Seven subjects with mild facial photodamage received two full face IPL treatments (560 nm, 27 -30 J/cm 2 using a double pulse). Punch biopsies, which were performed prior to the treatment and 3 months after the last treatment, revealed an increase in type I collagen in the dermis, which was especially evident in the ALA-IPL group.
The histological changes after PDT of photoaged facial skin were investigated in another study involving 14 patients by Park et al. [18] . As compared to pretreatment specimens, the biopsies obtained 1 month after the second treatment showed a reduction in epidermal thickness (p < 0.001), a decrease of elastotic material, and a reduction in the infl ammatory dermal infi ltrate (p < 0.02). There was a noticeable increase of collagen in the upper dermis as post-treatment specimens showed an increase of 10.5 ± 9.9 % in the density of the immunohistochemical staining. Transforming growth factor-β , which upregulates collagen synthesis, was signifi cantly elevated after PDT [18] . Similar results were shown by Issa et al. [3] . Skin biopsies obtained in 14 patients who had undergone two sessions of MAL-PDT showed a decrease in the amount of elastic fi bers (p = 0.008) which was ascribed to a regression of solar elastosis and an increase of collagen fi bers (p = 0.048) 6 months after PDT.
These results are in keeping with Orringer et al. [2] who reported about a signifi cant increase of several markers of neocollagenesis after PDT using a pulsed dye laser. The decline of markers of actinic damage after PDT was also shown in skin biopsies performed in 26 patients 6 weeks after a single MAL-PDT session. The reduction in the thickness of the elastotic material was statistically signifi cant (p < 0.005), though dysplasia remained detectable in 45 % of the specimens. After PDT, the expression of the proliferation marker Ki-67, which is increased in AK, was lowered to a level comparable with the control skin (p < 0.0001), indicating a reduction in the proliferative activity of the epidermis. Bagazgoitia et al. [19] found that the level of p53 expression, an early marker for epidermal carcinogenesis which is not expressed in healthy skin, was signifi cantly reduced after therapy (p < 0.002), indicating that PDT may reverse the carcinogenic process in sun-damaged skin. The authors emphasized the necessity of repeated treatments as histological and molecular signs were still detectable after a single session [19] .
The exact mechanism of action for dermal remodeling after PDT is not known yet. Karrer et al. [20] demonstrated the indirect induction of matrix metalloproteinase (MMP)-1 and MMP-3 production in fi broblasts after PDT through keratinocyte-derived cytokines. As a result of sublethal damage of keratinocytes, photo-oxidative stress leads to the epidermal release of several cytokines including tumor necrosis factor-α , interleukin (IL)-1, and IL-6. These cytokines penetrate the basal layer and trigger the MMP production in dermal fi broblasts by a paracrine loop [20] . The accumulation of partially degraded and fragmented collagen, such as is present in photoaged skin, inhibits neocollagenesis [21] . Proteolytic clearance of fragmented collagen by MMPs therefore plays a decisive role in restoring collagen biosynthesis [22] , which is observed after PDT.
The fact that PDT represents a novel and effective technique for skin rejuvenation is based on studies proving the effi cacy of PDT for photoaged skin clinically, histologically, as well as molecularly. Furthermore, PDT allows repeated treatment sessions, has limited and calculable side effects, and offers the possibility of contemporaneously treating nonmelanoma skin cancer.
Conclusion
PDT is a new promising tool for treating photodamage as the attainable cosmetic effects are considerably better than with non-ablative skin rejuvenation and side effects are obviously less severe than with conventional ablative skin rejuvenation. PDT therefore takes up a middle position between ablative and non-ablative skin rejuvenation both with regard to effectiveness and side effects. Fractional CO 2 laser pretreatment offers a new way of drug delivery for the photosensitizer and may result in enhanced effi cacy of PDT. Controlled clinical studies are necessary to establish appropriate treatment parameters for fractional CO 2 laser pretreatment and to evaluate clinical results.
The effi cacy of PDT for rejuvenation of photoaged skin has been demonstrated in several studies. Treatment para meters (photosensitizer concentration, light dose, light source, incubation time, number of treatment sessions) used in clinical studies vary considerably and differ signifi cantly to oncologic PDT. The majority of clinical studies on PDT for aesthetic indications have been conducted with IPL sources as pain levels are signifi cantly lower with IPL than with non-pulsed light sources. Besides, patients may benefi t from synergistic effects. Most controlled split-face studies demonstrated better cosmetic results for global score and fi ne lines on the IPL-PDT sides compared to IPL-only sides. By comparison, split-face studies showed mixed results for tactile roughness, mottled pigmentation, and patient satisfaction. Side effects such as erythema and edema were more frequent and more intense on the PDT side compared with IPL-only sides. Photosensitizer concentration (0.5 -20 % ALA) and incubation time (30 -120 min), as well as the IPL parameters differed in the clinical studies discussed here. Phototoxic effects increase with a longer incubation time, higher photosensitizer concentration, and light dose; however, it is not clear if a more intensive PDT regimen results in a better cosmetic outcome. A series of three treatments, as used in most studies, is reasonable as histological and molecular signs of actinic damage are still detectable after a single PDT session. As a standardized protocol for IPL-PDT is not yet available, applicable parameters (cut-off fi lter, light dose, pulse duration) depending on IPL should be established to achieve the optimal photodynamic effect.
